Future climate scenarios predict increased air temperatures and precipitation, particularly at high latitudes, and especially so during winter. Soil temperatures, however, are more difficult to predict, since they depend strongly on the fate of the insulating snow cover. 'Rain-on-snow' events and warm spells during winter can lead to thaw-freeze cycles, compacted snow and ice encasement, as well as local flooding. These adverse conditions could counteract the otherwise positive effects of climatic changes on forest seedling growth. In order to study the effects of different winter and snow conditions on young Scots pine (Pinus sylvestris L.) seedlings, we conducted a laboratory experiment in which 80 1-year-old Scots pine seedlings were distributed between four winter treatments in dasotrons: ambient snow cover (SNOW), compressed snow and ice encasement (ICE), flooded and frozen soil (FLOOD) and no snow (NO SNOW). During the winter treatment period and a 1.5-month simulated spring/early summer phase, we monitored the needle, stem and root biomass of the seedlings, and determined their starch and soluble sugar concentrations. In addition, we assessed the stress experienced by the seedlings by measuring chlorophyll fluorescence, electric impedance and photosynthesis of the previous-year needles. Compared with the SNOW treatment, carbohydrate concentrations were lower in the FLOOD and NO SNOW treatments where the seedlings had almost died before the end of the experiment, presumably due to frost desiccation of aboveground parts during the winter treatments. The seedlings of the ICE treatment showed dead needles and stems only above the snow and ice cover. The results emphasize the importance of an insulating and protecting snow cover for small forest tree seedlings, and that future winters with changed snow patterns might affect the survival of tree seedlings and thus forest productivity.
Introduction
Cold winters with snow covering the ground and field layer vegetation for about half of the year are a characteristic feature of nature at high latitudes. Snow and cold air during the winter are major factors that affect ecological processes and the survival of plants (Campbell et al. 2005) . During winter, plants are exposed to numerous abiotic and biotic stresses, and a snow cover is an important protection against many of them, especially cold air and winter desiccation (e.g., Frey 1983) . Situations where the air temperature is above the freezing point but the soil is frozen can lead to frost desiccation (Tranquillini 1982) . Observations that plants benefit from a protective snow cover during winter are not new (e.g., Havas 1966 , Sakai 1970 ) and a snow cover is crucial for the survival of forest tree seedlings, such as Scots pine (Pinus sylvestris L.) (Sutinen et al. 1999) . The importance of winter conditions for plants is illustrated, for example, in the study by Renard et al. (2016) where they noticed that seedling establishment is particularly dependent on winter conditions, and not summer temperatures. Especially important is the duration of the insulating snow cover that protects the seedlings, the ground vegetation and the soil from low temperatures (−30°C or lower) and desiccation. Soil temperatures are directly dependent on the timing and thickness of the snow cover. If the depth of the snow cover is 30 cm or more, soil temperatures seldom decrease below −1.5°C, even at the soil surface (Kubin and Poikolainen 1982 , Sutinen et al. 2008 , Repo et al. 2011 .
Global mean annual temperatures have increased during the last decades and are predicted to further increase over the next decades and centuries (IPCC 2013) . At high latitudes such as in northern Europe, climatic changes are predicted to be stronger in comparison with lower latitudes (IPCC 2013) . Indeed, annual mean temperatures in Finland have increased by 2°C during the last 170 years, whereas global annual values have shown less than half of this increase (Mikkonen et al. 2015) . A noteworthy fact is that temperature increases have been significantly higher during the winter and spring months (November-May) than during the rest of the year (Mikkonen et al. 2015) . This is in accordance with future climate scenarios that predict higher temperature increases during winter, in comparison with summer, and especially so in northern latitudes (IPCC 2013) . Average summer temperatures for Finland are expected to increase by 0.75-1°C over the next decades and average winter temperatures by up to 2°C (IPCC 2013) , which can result in a shorter winter and a prolonged growing season (Linderholm 2006) .
In addition to temperature changes, climatic change models also predict a wetter climate for high latitudes, especially during winter (IPCC 2013) , which could mean a thicker snow cover if all the increased precipitation falls as snow. However, if the wetter climate is also connected with warm spells, this may instead result in a thinner snow cover due to rain-on-snow events and snow melting, combined with local flooding possibly leading to ice encasement. A warmer climate could not only result in a decreased snow depth, but could also change the snow properties, such as increased density, grain size and the fraction of icy and wet snow (Rasmus 2005) . Although clear trends of increasing air and soil temperatures and a thinner snow cover in the boreal region are evident (Helama et al. 2011) , one typical feature of the future climate will be a higher variability in the local weather and snow conditions (Mellander et al. 2005 , Rasmus 2005 . As an example, soil temperature conditions during winter can be highly variable, depending on whether the snow arrives early, late or not at all. This can result in lower soil temperatures during winter (Mellander 2003 , Martz et al. 2016 ) and a deeper soil frost, which leads to delayed soil thawing, and later growth initiation of forest trees . Depending on the local conditions, increased precipitation with a higher proportion falling as rain can result in decreased soil temperatures (Venäläinen et al. 2001) , known as the paradox of 'colder soils in a warmer world' (Groffman et al. 2001, Brown and DeGaetano 2011) , although the number of frost days are projected to decrease (IPCC 2013) .
Tree seedlings can be exposed to freezing temperatures or to soil hypoxia or anoxia in the case of ice encasement after intense rain-on-snow events. Other soil gases, like carbon dioxide (CO 2 ) or nitrous oxide (N 2 O), tend to accumulate and to be released concurrently (Maljanen et al. 2010) . The effect of low soil temperatures can be long-lasting, and thus plant growth and allocation patterns during summer can also be negatively affected Karlsson 2002, Martz et al. 2016) . Low soil temperatures during spring are normal, although if they last for a prolonged period they can reduce seedling growth (e.g., Domisch et al. 2001) . Starch reserves in the seedlings are low after winter, and if a cold soil hampers photosynthesis in the spring for too long, the seedlings might not recover and may possibly utilize the carbohydrates that are necessary for new growth (Domisch et al. 2002) . The photosynthetic capacity of evergreen tissues may decrease and phenological responses may be delayed as a result of a thin snow cover (Saarinen et al. 2016) , and there is a risk of decreased winter survival and increased damages during the early life stages (Drescher and Thomas 2013) . There are indications that the absence of a snow cover can reduce root growth and thus affect the species composition and cover of understorey plants (Kreyling et al. 2012) . Moreover, root growth of mature trees can be affected, although usually not detrimentally so (Comerford et al. 2013 .
Future climate scenarios and simulations of future forest growth predict increases in forest biomass and growth (e.g., Kellomäki et al. 2008) due to increasing temperatures and longer growing seasons. However, all the changes in winter climate mentioned above might adversely affect the winter survival of tree seedlings, a fact that might counteract the positive effects of climate change on forest growth in the boreal zone.
In order to study the different winter time scenarios, we created a laboratory experiment where we simulated the possible snow conditions that changes in future winters might entail. Conventional snow conditions acted as a control, while abnormal snow conditions, which may result from projected climatic changes, acted as treatments. The main hypothesis was that the treatments would adversely affect the seedlings compared with the snow-covered control treatment. We assessed various parameters to estimate the stress level experienced by the seedlings, namely determination of seedling survival and growth after winter, photosynthetic capacity, non-structural carbohydrate pool, frost hardiness and extent of cell damage.
Materials and methods

Experimental setup
The experiment was conducted in four dasotrons (RTR48, Conviron, Winnipeg, Canada) in the root laboratory at the Natural Resources Institute Finland (Luke) in Joensuu . Each dasotron enclosed four cylindrical containers of ) filled with fertilized (N, P, K and micronutrients) and limed Sphagnum peat. Eighty 1-year-old seedlings were planted in July 2014 in a Scots pine forest near Rovaniemi in Northern Finland (Tavivaara, 66°25′35″N 25°41′42″E) (Martz et al. 2016) . The origin of the seedlings was chosen to mimic as closely as possible the material used in the study by Martz et al. (2016) done under field conditions in the same forest experimental site in Northern Finland. The seedlings were dug out with surrounding soil in October 2014 and transported to Joensuu, where they were stored in an unheated greenhouse for 6 weeks prior to planting into the dasotrons. The experiment was replicated four times (four dasotrons) with four treatments (four containers) in each replicate. Each container was filled with a ground layer of sand, containing a glycol circulation coil at the bottom of the container for soil temperature control. A second glycol coil was installed on top of the sand layer that was covered with a 12-cm-layer of mineral soil transported from Rovaniemi from the same field site as used in Martz et al. (2016) . The texture of the mineral soil that originated from Rovaniemi can be described as fine sand (63.5 ± 2.5% of soil particles between 0.02 and 0.06 mm). In each container, the mineral soil was covered with a forest floor layer (containing a humus layer) as well as ground and field layer vegetation from the experimental site used in Martz et al. (2016) . We planted five healthy seedlings (from Rovaniemi) in each of the 16 dasotron containers. After planting, soil and air temperatures were kept at +2°C and the photon flux at~60 μmol m −2 s −1 during a 3-week acclimatization period (Table 1 ). The seedlings were watered once a week mimicking the Rovaniemi rain water in its amount and chemical constitution. During the final days of the acclimatization period the soil temperature was gradually decreased to −2°C, whereas the air temperature remained at +2°C. On the first day of the 10-week-winter period (5 December 2014) the seedlings were exposed to the four treatments; one was distributed to each of the four root containers in each dasotron (n = 4). The NO SNOW treatment was left as it was, whereas the containers in the SNOW treatment were covered with a 15-18 cm snow layer (that also covered the seedlings, see Figure S1 available as Supplementary Data at Tree Physiology Online). Natural, freshly fallen snow was collected in Joensuu and stored at −18°C until use in the treatments. By keeping the collected snow at −18°C we tried to limit as much as possible its compaction to maintain its insulating capacity. Although the snow density was not monitored in the root containers, visual observation indicated that the snow structure did not change significantly except at the sides of the containers, where additional snow was added after the removal of compacted snow and ice that had formed due to the temperature gradient between the soil and the air. The snow in contact with seedlings was left untouched as it was not compacted. The containers in the FLOOD treatment were filled with water similar in its chemical composition to the water used for irrigation. The water was added through a drainage hole at the bottom of the containers to the top of the humus layer, after which the water was totally frozen within 1 week. The containers in the ICE treatment were filled with a 10 cm snow layer and sprayed several times with cold water, which resulted in the creation of a layer of ice and compacted snow on the top of the ground (see Figure S1 available as Supplementary Data at Tree Physiology Online). To prevent surface soil thawing and snow melting as a result of the mild air temperature (+2°C), all containers in all treatments were covered with 20 cm of rockwool batts with holes for the seedlings. The holes were large enough (diameter 12 cm) to allow air circulation around the individual seedlings. In the SNOW and partly in the ICE treatments, the seedlings were covered by snow or ice (see Figure S1 available as Supplementary Data at Tree Physiology Online). At the end of the winter treatments, the rockwool batts were removed and soil temperatures were increased to 3°C. Air temperatures were increased only after all the ice and snow had melted (5-6 days). During the simulated spring, which lasted for 10 days, soil and air temperatures were steadily increased until the start of the 'summer' (Figure 1a ) after which the soil temperatures in the dasotrons were kept constant at +15°C for 32 days, and air temperatures and photoperiod during the simulated spring and summer were set as shown in Table 1 .
Due to the technical characteristics of the dasotrons, it was not possible to control the soil temperatures of each container individually (though they were monitored individually), neither was it possible to maintain air temperatures below 0°C, resulting in a simulation of relatively mild winter conditions (frozen soil and air temperatures above 0°C) (Figure 1a) . No differences in soil temperature were observed between the treatments (data not shown), and thus the temperatures measured at the three depths were averaged. The FLOOD treatment resulted in clearly increased soil water content just before and after the winter when compared with the other treatments ( Figure 1b ).
Measurements and sampling
Soil temperatures (105 T Thermocouple, Campbell Scientific, Shepshed, UK) and volumetric water contents (ThetaProbe ML2x, Delta-T Devices, Cambridge, UK and CS615, Campbell Scientific) were recorded at three depths (bottom and top of the mineral soil and in the centre of humus layer) at 15 min intervals during the entire experiment. As the soil temperatures recorded at these three depths were almost identical, they were averaged. Soil oxygen (O 2 ) concentrations (Fibox 4 trace, PreSens, Regensburg, Germany) were measured within the seedling rooting zone at 2 h intervals. Soil concentrations of CO 2 , methane (CH 4 ) and N 2 O were determined at 1-or 2-week intervals using silicone tubes (length 1 m and diameter 1 cm) inserted into the mineral soil (soil depth~15 cm). For gas sampling, 40-50 ml of air from the soil tube was sucked into plastic syringes and analysed on the same day, after transferring into 6 ml glass vials with a needle (Chromacol ® , Sun Sri, Rockwood, TN, USA, caps: BUTYL liner, spring and crimp). Overpressure was avoided by using another needle pushed through the rubber cap on the vial. The gas concentrations were determined using a system of head-space sampler and gas chromatograph (TurboMatrix and Clarus 580 GC, PerkinElmer, Waltham, MA, USA) equipped with a PlotQ capillary column and a two-channel flame ionization detector (FID) that measured CO 2 , CH 4 and N 2 O.
Four seedlings from each treatment (i.e., one seedling per root container) were sampled at each sampling date. Sampling was done five times during the morning hours (9 a.m.-midday):
(1) before the start of the simulated winter treatments (22 days after the start of the experiment, day (d) = 22), (2) in 'midwinter' 41 days from the start of the winter period (d = 63), (3) just after the winter treatment ended (i.e., 70 days after the start of the winter, d = 92), (4) 13 days after the end of the winter treatments (d = 105) and (5) 41 days after the end of the winter treatments (d = 133). During the winter period, the seedlings and the respective soil plugs were removed from the soil using a chisel and hammer, and subsequently thawed for several hours at +4°C before any further separation. Subsequently, the soil plug was cut at the root collar and the roots were washed in cold water to remove adhered soil and quickly dried with paper tissues before assessing their fresh weight. Needles and stems were separated and their fresh weight was determined. Living current (C) and previous (C-1) year needles and stems were separated, as well as brown and green needles. Dead first year needles (C-2) were discarded.
To assess the maximum and effective photosynthetic quantum efficiency of intact needles, chlorophyll fluorescence was measured from dark-acclimated (after a dark adaptation period of 20 min) and subsequently light-acclimated green needles (after 3 min at PAR 300 μmol m
), using a portable fluorometer (Walz PAM-2500, Heinz Walz GmbH, Effeltrich, Germany). Ten green needles were randomly chosen from each seedling for chlorophyll fluorescence measurements. The chlorophyll content index (CCI), defined as the ratio of chlorophyll fluorescence at 735 nm and 700-710 nm, was determined from living needles and repeated three times with a different set of needles from each seedling (Chlorophyll content meter CCM-300, OptiSciences, Hudson, NH, USA).
To evaluate possible cell level damage in the seedlings resulting from the treatments, we measured the electrical impedance spectra of the needles. By using electrical impedance spectroscopy (EIS) it is possible to detect changes in the water balance ) during the experiment. Soil temperature is the average of values recorded in the humus, the top of the mineral soil and at 10 cm depth in the mineral soil, and four replicates; (b) soil water content (%) during the experiment is the average of values recorded in the humus, the top of mineral soil and at 10 cm depth in the mineral soil, and four replicates. The duration of the winter treatments is indicated by the grey bar below the x-axes.
Tree Physiology Online at http://www.treephys.oxfordjournals.org of plant tissues and possible cell membrane injuries at a very early stage (Repo et al. 2002 (Repo et al. , 2005 . The electrical impedance spectra (real and imaginary parts) were measured from six living needles per seedling using the method described by Repo (1994) . A 10 mm long segment was cut from the middle of each needle, set between Ag/AgCl electrodes (RC1, World Precision Instruments WPI Ltd, Sarasota, FL, USA) with electrode paste (SignaGel, Parker Laboratories, Fairfield, NJ, USA) between the electrodes and the cut surfaces of the sample to improve the contact. The spectra were measured at 46 frequencies between 20 and 10 6 Hz (Agilent 4294 A Precision Impedance Analyzer, Palo Alto, CA, USA). Gas exchange and stomatal conductance were determined for the last three sampling dates (starting with the end of winter) with a portable photosynthesis system (LI-6400XT, LI-COR Inc., Lincoln, NE, USA) at light saturation (1700 μmol m −2 s −1 ) 1 day prior to the sampling of the respective seedlings. The number of needles inside the gas exchange cuvette was counted and their length and diameter was measured from sample needles to provide an estimate of the total needle area inside the cuvette. Once the needles are placed in the cuvette, they are de-coupled from air currents and thus boundary layer conductance assumptions are not necessarily met. However, as all seedlings are treated similarly, we assume that the treatments are comparable and potential differences between treatments are valid. All plant parts were frozen in liquid nitrogen immediately after analysis and stored at −80°C until further processing for nonstructural carbohydrates. The samples were freeze-dried (Christ Alpha 1-4 LD, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany), milled in a ball mill (Fritsch Pulverisette 23, Fritsch GmbH, Idar-Oberstein, Germany) and stored at −20°C until analysis. Fifteen milligrams (needles) or 20 mg (stems, roots) of dry powder were wetted with 50 μl ethanol and 1 mg meso-erythritol in water was added as an internal standard to the wet powder. Soluble sugars were extracted three times with 0.5 ml water at +80°C and immediately stored at −80°C until analysis. Soluble sugar water extracts were analysed by highperformance liquid chromatography (NexeraX2, Shimadzu Co, Kyoto, Japan) using a ligand-exchange column (Hi-Plex Ca, 300 × 7.7 mm, Agilent, Santa Clara, CA, USA) and a guard column (Hi-Plex Ca 50 × 7.7 mm, Agilent). Elution was done with MilliQ water at 80°C (0.6 ml min ) and an evaporative light scattering detector (Sedex 90LT, Sedere, Olivet, France) was used for detection. The system allowed for good separation of the most abundant carbohydrates. Carbohydrates purchased from SigmaAldrich Co. (St Louis, MO, USA) (glucose, sucrose and α-pinitol) and ThermoFisher Scientific (Waltham, MA, USA) (fructose, raffinose and meso-erythritol) were used for calibration.
After extraction of soluble sugars, the pellet was resuspended in sodium acetate buffer 100 mM at pH 5.0 containing 5 mM calcium chloride (CaCl 2 ). Starch was enzymatically degraded to glucose with α-amylase (Bacillus licheniformis enzyme, E-BLAAM, Megazyme, Bray, Co. Wicklow, Ireland) (105 U, 12 min at 90°C) followed by amyloglucosidase (Aspergillus niger enzyme, E-AMGDF, Megazyme) (114 U, 30 min at 50°C) treatments. After centrifugation, the supernatant was stored at −20°C for further glucose quantification using the glucose oxidase/peroxidase (GOPOD) kit (K-GLUC, Megazyme) adapted to microplate. Briefly, 250 μl of the GOPOD reagent were added to 5-60 μl (volume adjusted according to the glucose content) of the extract in each well (three replicates). The plate was incubated at 50°C for 20 min and read at 520 nm with a microplate reader (MultiSkan FC, ThermoFisher Scientific, Vantaa, Finland). A glucose solution of 1 mg ml −1 (Megazyme) was used as a standard.
Statistical analyses and calculations
Soil temperature and moisture data for each root container and soil O 2 data were calculated as daily averages. Oxygen concentrations were measured continuously, but for statistical analyses the same dates as for the other gas measurements were chosen. Statistical testing of all the seedling and soil characteristics was conducted using mixed linear models with winter treatment (SNOW, ICE, FLOOD or NO SNOW) as a fixed factor and sampling date (1-5) as a repeated factor. The root containers were used as a random factor. Values were log normal-transformed before testing when the residuals were visually clustered. The initial height of the seedlings was used as a covariate when height growth after winter was analysed.
Pearson correlations were calculated for O 2 , CO 2 , CH 4 and N 2 O concentrations of the respective treatments.
All statistical calculations were conducted with the IBM SPSS Statistics software (Version 22.0, SPSS Inc., Chicago, IL, USA).
Results
Seedling survival, height growth and biomass
Only the seedlings in the SNOW treatment displayed normal growth and survived until the end of the experiment, whereas all seedlings in the FLOOD and NO SNOW treatments had almost died by the end of the experiment, although some green needles were present in the lower parts of the seedlings. All parts of the seedlings in the ICE treatment not covered by compacted snow and ice had died by the end of the experiment.
Mean new root, stem and needle biomass of the seedlings at the end of the experiment was higher in the SNOW treatment than in the others (Figure 2a ), but this could not be statistically tested due to the shortage of observations in the other treatments. Bud burst occurred in all treatments at the same time but shoot elongation continued in the seedlings of the SNOW treatment only, which had the tallest new shoots at the end of the experiment, although there were not enough observations for statistical testing (Figure 2b ).
The seedlings in the different treatments looked similar after winter and it was not possible to detect any visible changes in the needles at that stage. Damage occurred gradually after winter in the NO SNOW and FLOOD treatments, as well as in those plant parts of the seedlings in the ICE treatment that were not covered by the compacted snow and ice. The percentage of dead needles at the end of the experiment was significantly lower in the SNOW and ICE treatments compared with the FLOOD and NO SNOW treatments (F 3,16 = 3.866, P = 0.030) (Figure 2c ).
Although some of the treatments resulted in seriously declined conditions in the seedlings (i.e., bud burst occurred but height growth did not start, some green needles were still present in the lower parts of the seedlings), the treatments had no statistically significant effect on seedling height at any time of the experiment (treatment: F 3,12 = 0.595, P = 0.630 and time: F 4,12 = 1.089, P = 0.405).
The biomass of the living previous-year needles decreased in all treatments during the experiment (see Table S1 available as Supplementary Data at Tree Physiology Online), although this was not statistically significant (treatment: F 3,12 = 1.770, P = 0.094 and time: F 4,12 = 2.805, P = 0.069). A similar, nonsignificant trend was observed in the biomass of the previousyear stems (treatment: F 3,12 = 1.770, P = 0.090 and time: F 4,12 = 3.805, P = 0.158). The biomass of old roots showed a non-significant increasing trend, particularly in the SNOW and ICE treatments (see Table S1 available as Supplementary Data at Tree Physiology Online).
Soil gases
The soil O 2 concentrations in the ICE and FLOOD treatments showed a decreasing trend during the winter treatments and were significantly lower than in the SNOW and NO SNOW treatments, where the concentrations remained rather stable throughout the experiment (Figure 3 , Table 2 ). Soil CO 2 concentrations significantly increased during the winter in the ICE and FLOOD treatments and were highest during soil thawing after the winter treatments and quickly declined after that time. In the SNOW and NO SNOW treatments, no significant changes in CO 2 concentrations were observed ( Figure 3 , Table 2 ). Methane and N 2 O concentrations showed changes with time but were not different between treatments, except for sporadic differences ( Figure 3, Table 2 ). In the ICE and FLOOD treatments, CO 2 and O 2 concentrations showed significant negative correlations (r = −0.81 and r = −0.74, respectively). Carbon dioxide and N 2 O concentrations were positively correlated in the SNOW and NO SNOW treatments (r = 0.86 and r = 0.87, respectively).
Chlorophyll content, fluorescence and photosynthesis
The chlorophyll content index decreased from the beginning of spring to the beginning of summer in all treatments and increased again after that with the exception of the NO SNOW treatment. However, no treatment effects or interactions were observed due to high variations (F 3,14.999 = 1.346, P = 0.297) (Figure 4a) .
The maximum photochemical efficiency of dark-adapted needles (F v /F m ) decreased in all treatments during the first part of the winter but, in contrast to the SNOW and ICE treatments, the Tree Physiology Online at http://www.treephys.oxfordjournals.org values continued to decrease until the end of winter in the FLOOD and NO SNOW treatments. However, at the end of the experiment F v /F m had recovered to pre-winter values in all treatments ( Figure 4b , Table 3 ). The respective values for lightadapted needles; ΔF/F m ′ or yield, showed a similar pattern (Figure 4c , Table 3 ) with the lowest values for the NO SNOW treatment observed just after winter and during spring.
Net maximum photosynthesis and stomatal conductance of the seedlings during the simulated spring and early summer were significantly affected by the treatments ( Figure 5 , Table 3) , and all showed a very similar pattern. Seedlings in the SNOW treatments showed the highest values, and FLOOD and NO SNOW the lowest ( Figure 5 , Table 3 ).
Carbohydrates
Starch concentrations in the aboveground parts of the seedlings were very low during winter in all treatments (Figure 6a-c) .
Starch concentrations in the needles, stems and roots were not affected by the treatments during winter. Subsequently, starch reserves built up in the roots in the SNOW and ICE treatments but collapsed in the FLOOD and NO SNOW treatments during summer (Figure 6c ). Similar trends were observed in the needles and stems although significant treatment effects were observed earlier (end of spring, Figure 6a and b) . At the end of the experiment, seedlings in the SNOW treatment and partly in the ICE treatments as well, showed the highest starch concentrations (significant interactions between treatment and date, Table 4 ), whereas the FLOOD and NO SNOW treatments resulted in much lower starch concentrations in all plant parts (Figure 6a-c) .
Glucose, fructose, sucrose, pinitol and stachyose were the main carbohydrates detected in the seedling tissues (data not shown). Raffinose was only detected during winter and early spring. As all the sugars, with the exception of sucrose, showed Figure 3 . Concentrations of (a) oxygen (% air saturation), (b) methane (ppm), (c) carbon dioxide (ppm) and (d) nitrous oxide during the experiment (n = 4 ± SEM). Different lower case letters indicate statistically significant differences between the treatments (P < 0.05). The grey bars below the xaxes depict the period of the winter treatments. Note the different scales of the y-axes.
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very similar behaviour and were not affected by the treatments, they were summed up for better clarity (shown as total soluble sugars, Figure 6d -f) and only sucrose was presented in detail (Figure 6g-i) . Soluble sugar concentrations gradually decreased towards summer in all tissues. They did not show consistent or significant treatment effects (Table 4) , although a trend of lower concentrations was observed in the needles in the SNOW treatment (Figure 6d -f, Table 4 ).
Needle sucrose concentration increased from very low levels during winter in all treatments (Figure 6g-i) , and thus showed a different pattern from that of the total soluble sugars. Sucrose concentrations continued to increase after winter in all treatments except the SNOW treatment, where it remained at a low level. After a spring peak the concentrations in the other treatments levelled off. Sucrose concentrations in the stems and roots showed a very similar pattern to the soluble sugars with the lowest concentrations in the shoots in the SNOW treatment just after spring (Figure 6g-i) .
Electrical impedance
The treatments had very clear effects on the electric impedance spectra thereby indicating changes in the electrolyte balance and water content of the needles as a result of damage in the cells (Figure 7) . At the beginning of spring, when no visible changes in the needles could be observed, the real part of impedance at low frequencies was highest in the NO SNOW and FLOOD treatments. This tendency continued during the next two samplings, with the exception of the last sampling in the FLOOD treatment (Figure 7b and c) .
Discussion
The most striking results from our study were that only the seedlings under a snow cover in the SNOW treatment started to grow normally and that 100% of the seedlings in this treatment had survived at the end of the experiment. In contrast, all seedlings in the FLOOD and NO SNOW treatments had almost completely died by the end of the experiment. In this respect, our hypothesis that altered snow conditions would affect seedling survival was clearly supported. Furthermore, the results were rather consistent in that the NO SNOW and FLOOD treatments resulted in significantly declined physiological conditions (e.g., photosynthesis and carbohydrate concentrations) in the remaining living tissues when compared with the SNOW and ICE treatments. The latter two treatments differed from the other two in that the aboveground parts were fully (SNOW) or partly (ICE) covered by snow or ice, respectively. The protecting effect of a cover, even in the ICE treatment, was clearly evident as the parts of the seedlings that were not covered were dead at the end of the experiment.
The harmful effects of a thin or missing snow cover on the survival of small plants (such as shrubs or small forest tree seedlings) have been observed earlier (Sakai 1970 , Frey 1983 , Neuner et al. 1999 , Tahkokorpi et al. 2007 , Drescher and Thomas 2013 , Martz et al. 2016 , Saarinen et al. 2016 . Mature trees, adapted to large aboveground temperature changes, might also experience negative effects due to an altered snow cover, although in contrast to small seedlings, the effects are usually not lethal (Comerford et al. 2013 .
Both the FLOOD and NO SNOW treatments resulted in visibly dead seedlings, although in both treatments some green needles were still present, and thus it is difficult to evaluate which treatment was the most lethal. Moreover, the percentage of dead needles at the end of the experiment was similar in both treatments. Although there was a very obvious treatment effect on seedling survival, we did not observe any statistically significant differences in seedling height growth or biomass due to low observational cases. This may be due to the fact that the experiment ended quite early during the simulated summer, and potential differences between the SNOW and ICE treatments may have been more visible later in the growing season.
Overall, our results are comparable to those obtained from the field study of Martz et al. (2016) where the ambient snow cover resulted in the highest survival rate and ice encasement was the most detrimental for the seedlings. Our ICE treatment, similar to the compressed snow treatment under field conditions, resulted in clearly decreased seedling survival rates. Furthermore, our results indicated that the FLOOD and NO SNOW treatments in particular, resulted in high seedling mortality. Therefore, we conclude that snow and compacted snow or ice may protect the Target values; at low air temperatures the humidity could not be controlled but followed ambient outside values. Sampling date was used as a repeated factor (n = 4). Statistically significant effects (P < 0.05) are depicted in bold.
Tree Physiology Online at http://www.treephys.oxfordjournals.org seedlings, most likely by the prevention of drought stress and respiratory losses. Soil temperatures were similar in all treatments, and thus our laboratory experiment did not result in lowered soil temperatures in the NO SNOW treatments, as would be likely under field conditions. Consequently, the treatment effects would not have been due to low soil temperatures as in the field study by Martz et al. (2016) .
Soil CO 2 and O 2 concentrations were significantly affected by the ICE and FLOOD treatments, which would indicate that ice layers above or in the soil resulted in hypoxia and an accumulation of CO 2 in the soil, similarly to results by Martz et al. (2016) . The limited information in regard to root responses to high soil CO 2 concentrations would indicate that concentrations above a certain threshold in waterlogged soils can have metabolic effects (5% in Greenway et al. 2006) . A high soil CO 2 concentration might also result in adverse effects on seedling roots (Qi et al. 1994 ). In our study, the soil CO 2 concentration reached a maximum of almost 0.05% (5000 ppm, over 10 times the ambient air concentration) and, although we cannot exclude any damaging effect of CO 2 accumulation and hypoxia in the soil of the FLOOD treatment, we suggest that plant damages were not due changes in soil gas composition during winter. This statement is supported by the fact that the FLOOD treatment, which showed the highest soil CO 2 concentrations and strongest hypoxia, did not lead to any greater damages than the NO SNOW treatment. The starch content in the pine seedlings did not show any treatment effect during winter and started to increase similarly in all treatments in early spring. This result shows that depletion of starch reserves due to anaerobic metabolism during winter, as observed in crops for example (Bertrand et al. 2003) , did not take place in the FLOOD or ICE treatments and thus suggests that carbon depletion is not the reason for the symptoms observed during the growing season. Pines store a large part of carbon as lipids (they are 'fat trees' in contrast to 'starch trees'; Fischer and Höll 1991) and as lipids were not analysed in this study, we cannot rule out possible carbon depletion due to induction of anaerobic metabolism in the hypoxic soil. However, as the survival of the seedlings was low in both the FLOOD and NO SNOW treatments, there is reason to believe that it was neither the ice encasement nor soil hypoxia during winter that resulted in the death of the seedlings.
Carbohydrate concentrations in the different plant parts were typical for dormant plants in winter in the sense that the roots had the highest starch concentrations and needles had the highest soluble sugar concentrations (Sutinen 1985 , Fischer and Höll 1991 , Hansen et al. 1996 , Domisch et al. 2002 , Bansal and Germino 2009 ). An exception was the sucrose concentration in the needles and stems of the seedlings in the ICE, FLOOD and NO SNOW treatments, which continued to increase after winter. Sucrose is synthesized from assimilates when production exceeds consumption and it is translocated to sink tissues where it is utilized for growth or stored in living tissues (Kozlowksy 1992) . The accumulation of sucrose in needles in treatments other than SNOW would thus suggest a lack of growth of the needles in those treatments. This hypothesis is supported by the delay of photosynthesis recovery in spring in the remaining green needles.
Similar patterns were observed between changes in soluble sugars and sucrose concentrations in the stems and roots but not in the needles. This can be explained by the fact that sucrose is the major sugar in stems and roots but not in needles (32%, 39% and 9% of the soluble sugars quantified in this study in stems, roots and needles, respectively; average values across all dates and treatments).
In contrast to total soluble sugars, starch concentrations were significantly affected by the treatments and showed consistent differences. Starch concentrations were significantly lower in all parts of the FLOOD and NO SNOW seedlings, as compared with those in the SNOW and ICE treatments at the end of the experiment. A lack of starch accumulation may indicate a limited sucrose supply to the roots (sufficient to cover the requirements of the roots but insufficient to allow for the build-up of a reserve). It could also indicate source tissue degradation, which is supported by the fact that only limited green tissues remained in the FLOOD and NO SNOW seedlings to sustain metabolism in spring (a situation that is also partly true for the uncovered needles in the ICE treatments).
Interestingly, a delay in the treatment effect on starch concentrations was observed between the aboveground (stems and needles) and belowground (roots) tissues, with needles showing the earliest and roots the latest treatment response. However, the treatment effects were similar for all tissues as the FLOOD and NO SNOW treatments were always the most damaging winter conditions. This result illustrates that needles are stronger sink tissues than roots immediately after winter, as previously indicated (Kozlowksy 1992 , Ericsson et al. 1996 , but also that roots rely on carbon reserves until new carbohydrates are available. Scots pine seedlings are particularly prone to respiration when exposed to mild winter temperature, with a consequent depletion of root starch (Ögren et al. 1997) . In addition, the combination of mild air temperatures and soil frost is particularly damaging to conifer seedlings (Ögren et al. 1997) . Linkosalo et al. (2014) also suggested respiratory net carbon losses from conifers during a relatively mild winter when light conditions did not support photosynthesis.
We are aware that the winter conditions the seedlings experienced in our experiment, with constant air temperature of +2°C, do not represent realistic natural winter conditions in northern boreal forests where day/night transitions are changing rapidly from winter to spring. Just as the stable conditions in our dasotrons represent a compromise, also the photoperiod and light intensity during the simulated winter did not perfectly match natural field conditions or the origin of the seedlings. However, our purpose was to investigate the mechanisms of plant response to changing winter conditions, and in that sense, our results support respiratory losses during winter in pine seedlings subjected to mild air temperatures. Although needle temperature was not recorded, it seems reasonable to assume that tissues under the snow cover were subjected to slightly lower temperatures, but most importantly, they were not exposed to the heavy desiccation stress that we hypothesize to be the major damaging agent in our experiment. This hypothesis is supported by the electrical impedance spectra measurements that showed treatment-specific irreversible damages of needles just after the winter ended. At that time, no clear external visual symptoms could be observed as the needles had gradually turned brown and appeared dead after winter. The real parts at low frequencies representing apoplastic electrical resistance have been shown to be sensitive to cell membrane damage but also to the water content (Repo et al. , 2000 . Immediate cell membrane damage has been shown to decrease apoplastic resistance when electrolytes leak from the symplast to the apoplast (Ryyppö et al. 1998) . A long-lasting and consequent decrease of water content has an opposite effect, increasing the apoplastic resistance when the tissue starts to dry and the cells lose the capability of maintaining cellular turgor. Both these phenomena probably occurred in the FLOOD and NO SNOW treatments but only the effect of decreased water content was observed here, particularly in the NO SNOW treatment (Figure 7c) . Thus, the irreversible changes within the seedlings that led to their Sampling date was used as a repeated factor (n = 4). Statistically significant effects (P < 0.05) are depicted in bold.
Tree Physiology Online at http://www.treephys.oxfordjournals.org death had presumably already occurred or had started to occur during the winter treatments, and not afterwards. When reaching a critical water content, i.e., a point of minimum osmotic potential, any further desiccation will result in irreversible damages (frost desiccation injury) (Tranquillini 1982) . These damages can be linked to decreased chlorophyll fluorescence observed in the needles in the FLOOD and NO SNOW treatments during winter. Dark-acclimated chlorophyll fluorescence (measured as F v /F m ) decreased to a low level in the NO SNOW and FLOOD treatments towards the end of the winter treatments, which would indicate that the seedlings were severely stressed, although it subsequently recovered to a level similar to the beginning of the experiment and in the other treatments. This may not necessarily reflect the real situation, as the chlorophyll fluorescence measurements were also conducted with green needles in the NO SNOW and FLOOD treatments although the majority of the needles were dead, which thus could increase the overall level, as also indicated by a relatively high variation at the last sampling. Yield (measured as ΔF/F m ′ from light-adapted needles) showed a similar pattern as F v /F m , with the lowest values observed in spring for the seedlings in the NO SNOW treatment. The absence of a snow cover that results in severe but mostly reversible photoinhibition with very low F v /F m values have also been reported for leaves of a subalpine Rhododendron species (Rhododendron ferrugineum L.; Neuner et al. 1999) . Similarly, Öquist and Ögren (1985) found that winter stress, such as freezing temperatures, resulted in photoinhibition in Scots pine, with full reversibility when conditions became favourable again. Similar results were obtained by Saarinen et al. (2016) for dwarf shrubs (Vaccinium vitis-idaea and Vaccinium myrtillus) when the snow cover was partly removed. In both the FLOOD and NO SNOW treatments net photosynthesis and stomatal conductance were clearly decreased compared with the ICE and particularly with the SNOW treatments, which would indicate that the photosynthesis apparatus was irreversibly damaged. However, chlorophyll fluorescence seemed to recover after the winter stress, which is not a contradiction, since it was measured from the few green needles from the lower parts of the seedlings in the FLOOD and NO SNOW treatments.
Our experimental conditions mimicked potential future climate conditions where winters may be very mild. In our experiment the soil was frozen but the air temperature remained above the freezing point. This situation results in excess resource consumption of the aboveground plant parts and when plant roots are not able to take up water from the soil this leads to frost drought or frost desiccation (Tranquillini 1982) . This most likely contributed to the desiccation of the seedlings in the FLOOD and NO SNOW treatments, as well as those plant parts in the ICE treatment that were not covered by the compacted snow cover. It is also important to highlight that a compacted and thinner snow cover did not induce irreversible symptoms but deeply affected the physiological conditions of the seedlings. In particular, sucrose metabolism was strongly disturbed in the needles, which may have additional consequences related to the signalling role of sucrose in metabolism, development and stress response (Ruan 2014) . In our experiment, a longer follow-up period during the growing season would have provided valuable information to assess the induced damages of a thinner and compacted snow cover. However, a parallel field experiment has shown that an artificially compacted snow cover results in the significant health and survival reduction of Scots pine seedlings during the following growing season (Martz et al. 2016) . With respect to the seedlings performance and overall condition, our results underline the importance of the protective snow cover for tree seedlings and are in accordance with other studies that have emphasized the significance of the snow cover for the survival of small plants, such as tree seedlings, shrubs or crops (Frey 1983 , Vico et al. 2014 , Martz et al. 2016 ). −2 s −1 ) of the Scots pine seedlings during the experiment (n = 4 ± SE, except for *). Statistically significant differences between treatments are indicated by different lower case letters (P < 0.05), asterisks indicate insufficient observations for statistical comparisons. The grey bars below the x-axes depict the period of the winter treatments.
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We detected statistically significant and consistent treatment effects in the biomass of new plant parts and new shoot height, the percentage of dead needles, soil O 2 and CO 2 concentrations, photosynthesis and stomatal conductance, starch concentrations and electrical impedance spectra. Some of our parameters (soil CH 4 and N 2 O concentrations, chlorophyll content index, fluorescence and needle sucrose concentrations) showed a tendency to react to unfavourable conditions, whereas previous-year biomass and soluble sugar concentrations did not react to our treatments. We thus suggest that if stress indicators are monitored in Figure 6 . Concentrations (% of dry matter) of starch (left column), soluble sugars (centre column) and sucrose (right column) of needles (a, d, g), stems (b, e, h) and roots (c, f, i) of the seedlings during the experiment. Values are averages of four seedlings ± SEM. Statistically significant differences between treatments are indicated with lower case letters (P < 0.05). The grey bars below the x-axes depict the period of the winter treatments. Note the different scales of the y-axes.
Tree Physiology Online at http://www.treephys.oxfordjournals.org this kind of experiment, these indicators could include, e.g., current plant growth, photosynthesis, carbohydrate concentrations and electrical impedance.
Our results highlight the vital importance of a protective snow cover for tree seedlings. Under field conditions snow provides protection against cold air but also, as shown in our experiment, against frost desiccation. Under our present climate, desiccation is a frequent risk usually during late winter or spring, but under a future climate it is likely during winter as well. Moreover, ice Sampling date was used as a repeated factor (n = 4). Statistically significant effects (P < 0.05) are depicted in bold. Tree Physiology Volume 38, 2018 encasement in or on the soil or within the snow cover hampers gas exchange between the soil and atmosphere and leads to the enrichment of CO 2 . A future climate with changing winters may result in adverse effects on small seedlings, which should be taken into account when evaluating the effects of climatic changes on forest productivity and tree species distribution.
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